Relatively energetic low frequency fluctuations in horizontal currents are found to exist below the thermocline in the northern trough of the Charlie-Gibbs Fracture Zone. For example, deep eddy kinetic energy levels there are about twice as large as those observed at similar relative depths in the MODE-I region. Eddy kinetic energies are about 2-10 times larger than mean kinetic energies. The vertical distribution of eddy kinetic energy is frequency dependent, increasing toward the thermocline for the longer time scales and intensifying toward the bottom at higher frequencies. In addition to the expected mean westward motion of Norwegian Sea Overflow Water through the northern trough of the fracture, rather consistent mean southward flow is observed at a depth immediately above the overflow.
Introduction
An exploratory array of moored current meters was set below the main thermodine in the northern trough of the Charlie-Gibbs Fracture Zone (hereafter CGFZ) in September, 1975 and recovered in June, 1976 . This effort was part of a cooperative investigation involving marine geologists, chemists, and physical oceanographers at the Woods Hole Oceanographic Institution and the Scripps Institution of Oceanography. In addition to the long-term moorings, hydrocasts were made, a deeptowed (sonar, camera, and seismic) profiler survey was carried out , and short-term records were obtained from current meters moored with the acoustic transponder net used to navigate the deep-towed instrument system. We concentrate in the following on the long-term moored instrument observations, with some attention to the hydrocast data. The locations of both are superimposed ( Fig. 1) on a chart of the regional topography, adapted from Lonsdale and Shor (1978) , and from Shor et al., (1978) . In Figure 1 , the area to the west of the MidAtlantic Ridge in the northern North Atlantic is indirectly referred to as the Newfoundland Basin, but we adhere otherwise to the nomenclature (Labrador Basin) adopted by Worthington (1976; Fig. 31, p. 79) , where likewise the area to the east of the ridge is referred to as the European Basin. Lonsdale and Shor (1978) and Shor et al., (1978) , with a question mark appended to their arrow (near 34 ° 30'W, 52 ° 30'N) indicating a flow from the southern to northern trough of CGFZ (see text). Areas with depths less than 3000 m are stippled.
The primary objective of the moored instrument and hydrographic observations was to examine the general circulation in CGFZ, with particular emphasis on its geological effects . Attention was initially focused on the passage of Norwegian Sea Overflow Water from the European Basin through the northern trough of CGFZ into the Labrador Basin, the associated distribution of water properties, suspended particles, and sediments, and a controversial (Worthington and Wright, 1971) hypothesis by Le Pichon, Eittieim and Ewing (1971a, b) of a near bottom flow in the opposite direction.
A secondary objective, preliminary description of the basic properties of the low frequency variability (interchangeably referred to as "eddies," and defined for present purposes to be fluctuations with periods longer than two days and shorter than general circulation time scales), is contained in the following. Previous direct measurements in CGFZ were logistically limited to approximately one day duration (Worthington and Volkmann, 1965) and about seven days duration (Gamer, 1972) . The principal qualitative result, discussed below, is the discovery of a comparatively energetic deep eddy field, with a frequency dependent vertical structure. We also discuss briefly some characteristics of the time-averaged flow.
Method
All moorings set were retrieved without difficulty. Seven of the eight current meters deployed yielded good quality data for the duration of the experiment; one record is short. Locations, current meter depths and data duration are noted in Table 1 . In Table 1 and the following, the first three digits of the record number identify the mooring number (assigned sequentially as deployed), and the fourth digit is the number of the instrument on the mooring (assigned sequentially from top to bottom).
Basic time averages for the eddy field are listed in Table 2 . These averages were obtained with the low-pass filter described by Schmitz (1974) , and have been re- Table 2 . Basic time averages for the low frequency variability. Symbols are defined in the text. (u, v, KM) were calculated over the data durations listed in Table I . (u' 2 , v" , KE(T) ) were calculated over a uniform 260 day duration.
(cm s- normalized to remove the effects of the filter on fluctuations with periods longer than two days. The symbols used in Table 2 and throughout this investigation (u, v, K M, u'2, v'2, K E) are defined to be (time-mean east velocity component, time-mean north velocity component, kinetic energy per unit mass for the time-averaged flow, variance of east-west low frequency motions, variance of north-south low frequency motions, eddy kinetic energy per unit mass). The per unit mass is hereafter understood. For the purpose of examining spectral properties of the low frequency segment of the data, each record (subsampled once per day) was truncated to arrive at a uniform 260 day duration. The highest "eddy" frequency band is (½ to ½ -1 / 520) cycles per day (c .p.d.) and the lowest is (1 / 260 ± 1/ 520) c.p.d. Temporal means (u, v, K M) contain contributions from frequencies between 0 and 1/ 520 c.p.d. The symbol K E(T) will be used to denote the kinetic energy associated with the entire range (T denotes total) of "eddy" frequencies accessible, 1/ 520 to ½ c.p.d. Four adjacent frequency (v) bands in this range have been selected for more detailed examination (Table 3) . D(KE) will denote dKEI d(log 1 0 v), to be plotted against log10v in the following for spectral plots that are energy preserving by area. These plots are presented in the form of bar graphs in order to call attention to the bandwidth of the estimates. Table 2 vary by approximately an order of magnitude, and are a factor of 2 to over an order of magnitude larger than K M. K E(T) for the mooring (571) on an indentation in the slope associated with the Reykjanes Ridge is significantly lower than for the mooring (572) to the south in the northern trough of CGFZ, by a factor of about 3 near 1000 m depth, and about 5 near 3000 m depth. Table 3 . The values of K E inside the bar graphs denote the area under the curve (or total eddy kinetic energy) in cm' s-•.
Energy levels and time scales K E(T) values in
Energy levels at depths of 2500 m and below for the moorings (570, 572) in the trough are roughly twice those found at comparable relative depths in, for example, the MODE-I area (Richman, Wunsch and Hogg, 1977; Schmitz, 1976 Schmitz, , 1977 Schmitz, , 1978 . Estimates of the decadal or logarithmic (energy preserving by area) kinetic energy frequency spectra from 572 and 5701 contain relatively more energy at shorter time scales with increasing depth (Fig. 2) . D(KE) at 1000 m in Figure 2 is essentially red, but at depths of 2500 m and below, reaches a maximum at periods of 17-48 days. K E summed over periods less than 48 days (Table 3, 2+3+4) is larger than KE summed over periods longer than 48 days (Table 3 , Band 1) at all depths below 1000 m on mooring 572. Any seasonal variability that might be present would be contained in Band 1 (contributions from periods of 48 to 520 days), and cannot be identified inside this band with any real confidence. Shor et al. (1978) note that monthly averages of the zonal current component from records 5722 5724 are a minimum in December February and suggest seasonal bottom water formation, phase lagged by about 6 months in CGFZ from the Iceland-Faroe Ridge. But 5701, presumably as much in the overflow as 572, does not show a similar behavior in monthly zonal means. We do not wish to rule out seasonal and/or generally intermittent water mass formation, but rather to point to the difficulty of drawing conclusions based on the data in question. Aagaard and Malmberg (1978) have pointed out the probable dominance of two day (nominal) fluctuations, relative to seasonal, in the overflow through the Denmark Straits.
Vertical structure
K E(T) for mooring 572 (Table 2, Fig. 3 ) is roughly twice as large at 1000 m depth (nominal) as in the 2500-3400 m depth range (nominal), over which the variation in K E(T) is quite small ( ~ 15 % ). The total zonal component (roughly along depth contours) of the low frequency variance for mooring 572 (Table 2) is not very depth dependent, so that vertical variations in K B(T) are primarily determined by the cross-isobath (roughly meridional) flow, which is substantially less (~ a factor of 4-7) energetic at depths within the confines of the trough than at 1000 m depth.
The vertical distribution of KE for each of the 4 frequency bands in Figure 2 is contained in Figure 4 . K E for the lowest frequency band increases sharply upward. The highest frequencies (Bands 3 and 4) are bottom intensified. Band 2 is an intermediate case.
Mean flow
Eddy kinetic energies were found to be 2-10 times larger than mean kinetic ener- Table 3 and circled in Figure 2. gies, thereby precluding short term measurements as a basis for accurate estimates of the intensity of the mean flow (general circulation). Nevertheless, the mean zonal flows (3-4 cm s-1 to the west) for the deep instruments on mooring 572 and at 5701 are very close to those found by Garner (1972) during a 7 day moored instrument deployment. Worthington and Volkmann (1965) obtained two roughly 30 hour duration moored instrument records with westward means of about 4 and 8 cm s-1 at 2500-2800 depths, and also roughly 3 and 12 cm s-1 from neutrally buoyant floats in the same depth range, of approximate duration 30 and 15 hours respectively.
Shor et al. , (1978) discuss the deep mean flow in CGFZ in some detail. We would in addition like to call attention to the pronounced southward component of the mean flow at 1000 m depth (nominal) at both moorings 572 and 571 (Table 2) . Current meters were deployed near 1000 m depth because Worthington and Volkmann (1965) suggested a level of no motion there, due to location at a break in the 0/ S curve, identified with a transition from the more saline overflow water to "resident" North Atlantic Deep Water. The zonal mean flows at 5711 and 5721 are not large, and differ in sign, but the meridional means are consistent in both magnitude and sign and roughly the same size as the zonal means found in the overflow depth range. These southerly means could be associated with a branch of the "Atlantic Current" described by Ivers (1975) , or possibly (a definite speculation) part of an enlarged and/ or modified version of the flow patterns described by either Mann (1967) and Reiniger and Clarke (1975) , or by Worthington (1976) . Although Shor et al., (1978) note the expected westward mean flow of Norwegian Sea Overflow Water, they also found water of western origin (their Fig. 5 ) in the western part of CGFZ. They suggest a complex flow pattern in order to rationalize this observation, involving eastward mean flow in the southern trough, entry into the northern trough through a break in the median ridge, and then westward mean flow in the northern trough (Fig. 1) . But the penetration scale of water of western basin characteristics into CGFZ, about 200 km, is roughly the advective length scale (4 cm s-1 x 50 days) of the deep eddies, raising the possibility that the existence of such water at depth in CGFZ might be due to either time-dependent or diffusive effects, rather than advection by a mean flow. In addition, the pattern suggested by Shor et al., (1978) at least partially conflicts with the observations by Gamer (1972) , who found a westward mean in the southern as well as the northern trough of CGFZ. Therefore, we suggest that it may not be necessary to invoke an involved pattern for the general circulation in CGFZ, and we have accordingly appended a question mark to this suggestion on Figure 1 . John G. Harvey (personal communication) has suggested that the totality of hydrographic data available from CGFZ does demonstrate the existence of western basin water as far east as roughly 35° 30'W, but not as far east as the break in the median ridge indicated on Figure 1 . He also questions an interpretation of topographic data that yields the existence of the break.
Summary and conclusions
Exploratory long-term (~ nine month duration) moored instrument data were obtained from depths below the thermocline in the northern trough of CGFZ. These new long-term data are the first permitting examination of the basic properties of the eddy field in this area.
Energetic eddies were found, horizontally inhomogeneous across depth contours. The overall eddy field at the main mooring was relatively depth independent in its component along depth contours, with the cross isobath component decreasing moving from the bottom of the thermocline toward the sea floor . The vertical distribution of K B is frequency dependent, increasing toward the thermocline for the longer time scales and toward the bottom at shorter time scales. The relative amplitudes are such that KB at 1000 m is more weighted toward longer time scales, and is larger than KB in the 2500 m to sea floor depth range where KB associated with 50 day (nominal) periods and less exceeds KB associated with the longer time scale variability. This type of vertical variation of KE and of spectral shape is similar to the general character of what is known about low frequency fluctuations in much of the western North Atlantic (Schmitz, 1978) .
The time-averaged zonal flows at depths of 2500 m and larger were : (a) somewhat surprisingly close to those found by Garner (1972) on the basis of weekly averages, and (b) on the low side of those reported by Worthington and Volkmann (1965) on the basis of 15 to 30 hour averages. A mean meridional flow component was observed at 1000 m depth, immediately above the Norwegian Sea Overflow Water, with amplitude essentially the same as for the zonal overflow.
The data discussed above were collected in the northern portion of the northern trough in CGFZ only, and all conclusions should be restricted accordingly, with particular attention to those bearing on temporal means and/ or the general circulation. Answers to many of the questions that have been raised concerning the pattern of the mean flow and the properties of the eddy field in CGFZ will require additional measurements in other areas such as the southern region of the northern trough, the southern trough, and also along the median ridge. The resolution of seasonal and longer time scales and the general problem of intermittent water mass formation and transport will necessitate much longer data series.
